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Abstract

The past decade has witnessed steady and rapid progress in HCV research, which has led to the
recent breakthrough in therapies against this significant human pathogen. Yet a deeper
understanding of the life cycle of the virus is required to develop more affordable treatments and
to advance vaccine design. HCV entry presents both a challenge for scientific research and an
opportunity for alternative intervention approaches, owning to its highly complex nature and the
myriad of players involved. More than half a dozen cellular proteins are implicated in HCV entry;
and a more definitive picture regarding the structures of the glycoproteins is emerging. A role of
apolipoproteins in HCV entry has also been established. Still, major questions remain, and the
answers to these, which we summarize in this review, will hopefully close the gaps in our
understanding and complete the puzzle that is HCV entry.
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HCV has been a major health burden in the past decades, infecting 130-170 million people
worldwide. The virus produces chronic infection in the majority of patients and often
remains undetected until late-stage symptoms emerge upwards of 20 years after infection.
Without proper treatment, resulting conditions such as cirrhosis and eventual hepatocellular
carcinoma can require extensive surgical remedy. Until recently, HCV had been difficult to
treat, with highly varied treatment outcomes depending on many parameters, including the
genotype of the virus (i.e., genotype 1 is less responsive to interferon/ribavirin therapy [1])
and the genetic background of the patients [2,3]. Newly approved therapies have come a
long way in improving patient prognosis. The direct acting antiviral (DAA) combinations
have brought about significant improvement in treatment outcome for genotype 1, with cure
rates reaching greater than 90% without the need for interferon or ribavirin (reviewed in
[4]). However, the substantial cost of these DAAS prevents their broad distribution; and an
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even bigger concern is the small percentage of infected individuals receiving treatment.
Most patients do not receive diagnosis until many years after infection, and treatment alone
may not be sufficient to systematically reach all patients, or be adequate to protect against
new infections. As such, a deeper understanding of HCV biology is needed in order to guide
development of more affordable treatment options. In addition, a prophylactic vaccine is
likely still ultimately required to eradicate HCV infections globally, and comprehensive
knowledge of HCV entry molecules and pathways will greatly facilitate the design of
vaccine candidates.

The virus family Flaviviridae consists of the genera Flavivirus, Pegivirus, Pestivirus and the
HCV-containing Hepacivirus. The virions of this virus family all contain a RNA genome
that is encased in a viral protein structure called the capsid. This structure is in turn
enveloped in a host-derived membrane. Additionally, all members of the family share a
similar genome organization and mechanism of replication.

HCV has a positive-sense RNA genome of 9.6 kb in length. Upon entering human
hepatocytes, the genome is used to as a template to produce a single polypeptide which is
further cleaved by host and viral proteases into 10 proteins. Six of these proteins are
designated as nonstructural proteins: NS2, NS3, NS4A, NS4B, NS5A and NS5B and
function inside the host cell to replicate the viral genome. Although none of these proteins,
or the ion channel protein P7, is incorporated into virions, many of them nevertheless act to
facilitate the assembly of new viral particles for subsequent rounds of infection. There has
been great success in development of antivirals targeting the nonstructural proteins; the
newest DAA therapies consist of inhibitors targeting the RNA-dependent RNA polymerase
(NS5B), the multifunctional phosphoprotein (NS5A; reviewed in [5]) and the serine protease
(NS3/4A; reviewed in [6]).

The three structural proteins (Core, E1 and E2) are the physical components of the HCV
virion. The core protein forms the capsid, encasing the RNA genome. The capsid is then
surrounded by a host-derived membrane studded with the viral glycoproteins, E1 and E2. In
conjunction with host proteins, the glycoproteins facilitate the attachment and eventual
internalization of the viral particle. The arrangement of E1 and E2 of the surface of the
virion were initially predicted to be similar to that of flaviviruses [7-10], however more
recent ultrastructural imaging has raised question on this idea [11]. E1 and E2 form a stable
heterodimer via interactions at their transmembrane domains, and it is currently unclear
which of the glycoproteins acts as the fusion protein [12-18].

The entry process for HCV consists of several sequential steps. The virus must first attach to
cells, via interactions with cell surface host proteins, and eventually binding to surface
receptors that guide the virion to the tight junction (TJ). From there, the virion is internalized
via clathrin-mediated endocytosis and the virion is maintained in the early endosome until
fusion. The HCV research community has made great strides in generating a significant
amount of knowledge regarding entry, and several outstanding reviews can be found in the
literature (see [19-22]). In this review, we will aim to discuss several active areas of
research in HCV entry and to pose questions that address the remaining missing pieces of
the HCV-entry puzzle (Figure 1).
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Pieces of all shapes & sizes: lipoviralparticle and HCV entry

Very low-density lipoproteins

Understanding the physical attributes of the infectious particles is important for HCV entry
research. A major feature of HCV virions is their association with lipoproteins [19,23],
which are normally involved in the release and uptake of lipid species in the liver [24].
Indeed, this unusual aspect of HCV virion structure is an important part of the close
relationship between HCV infection and liver lipid metabolism [25].

Hepatocytes regulate the intake and efflux of lipids from the cell via lipoprotein particles.
These apolipoprotein-associated particles are termed high density lipoprotein (HDL), low-
density lipoprotein (LDL), very low-density lipoprotein (VLDL) and chylomicron particles
based on their various buoyant densities [19,23,24]. Apolipoproteins, such as apoB-100 and
its truncated form apoB-48, are associated with the lipid monolayer surrounding the TAG
core of VLDLs [26,27].

Secreted VLDLs range in size from 25 to 80 nm in diameter [28]. Formation of the
immature VLDLs starts in the lumen of the ER where initial lipidation is facilitated by
microsomal triglyceride transfer protein (MTP) and the presence of apoB. Each VLDL
particle contains a single copy of apoB-100 and exchangeable amounts of apoC and apoE
[29-31]. In addition to the VLDL produced from liver cells, intestinal cells also secrete
similar particles, known as chylomicrons, decorated with a single copy of apoB-48 [32-34].

Close association of lipoproteins with HCV makes for the lipoviralparticle

HCV virions are believed to associate with VLDLs [11,35-38] and as a result display a
lower density compared with related enveloped RNA viruses (for comparison, see [19]). The
buoyant density of HCV particles also varies significantly and is related to specific
infectivity of the particles [39-42]. HCV virions, either derived from patient sera or
produced in cell culture (HCVcc), are not uniformly infectious; in fact, ratios varying from
1:100 to 1:1000 of infectious to subviral particles have been observed [43-46]. The particles
with the buoyant densities between 1.09-1.10 g/ml are the most infectious [44,47], while the
other particles either demonstrate lower infectivity or contain no viral RNA despite
expression of HCV glycoproteins on the viral envelope surface [48,49].

The association of HCV particles and VLDLs leads to the formation of the lipoviralparticles
(LVP) which are believed to be the functional units of HCV infection [23,50]. In addition to
the relatively low buoyant density, evidence for LVVPs comes from the detection of many
lipoproteins, such as apoA-1, apoB-100 or apoB-48, apoC-1 and apoE, in purified virion
preparations [26,27,51,52]. While all these apolipoproteins have been found to associate
with serum-derived particles, the extent of association is more limited in HCVcc. For
example, apoB-100 is readily found on serum-derived LVPs, the presence of apoB-100 on
HCVcc virions is less clear [26,37,49,50,52,53]; and apoE and apoC-1 appear to be the
major observable apolipoprotein species [36,37,54] on the HCVcc particles. In addition to
the difference between HCV serum and HCVcc, the range of LVP buoyant densities also
varies depending upon the host or cell type used for the production of particles

Future Virol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ogden and Tang

Page 4

[48,49,53,55]. This brings into question if the current cell-culture systems, such as Huh7.5,
are ideal models for analyzing the importance of LVP.

LVP structure has not been determined, however, ultrastructure images of purified
immunolabeled virions have revealed the diversity of LVP shapes and sizes [11,35,56]. One
model of LVP structure proposes that the VLDL TAG contents are incorporated in-between
the leaflets of the viral envelope [23,50]. This hypothesis is supported by the observation
that virion assembly depends on VLDL maturation, suggesting LVP formation may utilize
the VLDL maturation pathway [57,58]. A second model suggests LVPs may consist of two
connected particles (viral and VLDL), bridged by apolipoproteins [59]. This idea is
supported by the purification of HCV virions associated with apoB-48 containing
chylomicrons [52]. However, at what stage during virion production the association with
VLDL occurs is unclear. While the specifics of LVP structure remain unknown, the LVP
components likely influence the uptake of virions in new rounds of infection.

Impact of VLDL association on HCV entry

It has been estimated that there are approximately 300 copies of apoE per infectious HCV
virion [35,60] and apoE likely plays a dual role in the assembly of infectious particles as
well as in modulating HCV entry. Heparan sulfate proteoglycans (HSPGs) have been shown
to facilitate HCV attachment through interaction with apoE and this binding has been
demonstrated for both genotypes 2A and 1B virions. Addition of HSPG-binding peptides
derived from apoE sequence prevented virions from binding to heparan in a dose-dependent
manner, and deletion of HSPG from the surface of liver cells suppressed virion attachment
[61-64].

SR-BI interaction with both apoB and apoE has been proposed to facilitate its function in
HCV entry. Chinese hamster ovary (CHO) cells expressing surface SR-BI were capable of
mediating binding of patient serum-derived HCV particles and this interaction was
insensitive to anti-E2 antibodies. The interaction was however outcompeted by apoB-
containing particles, predominantly VLDL, implicating apoB in the binding of the HCV
particles [65]. Deletion of HCV E2 HVR1 reduced virion dependence on apoE for
attachment [66], suggesting this attachment step may involve the interactions of both apoE
and E2 with SR-BI. In vivo experiments have also demonstrated a role for SR-BI in VLDL
uptake, as SR-BI™/~ mice exhibited elevated serum VLDL and a reduced association of
VLDL with hepatocytes [67], again arguing for a general role of SR-BI in the attachment of
lipoproteins such as those associated with HCV LVPs.

Hishiki et al. examined the role of each of three apoE isoforms in modulating HCV virion
dependence on low-density lipoprotein receptor (LDL-R) or SR-BI for entry. SIRNA-
mediated knockdown of LDL-R or SR-BI reduced infection of HCV virions expressing
apoE3. However, this effect was not observed when using HCV virions expressing apoE2, a
smaller isoform of apoE that exhibits lower affinity for LDL-R and SR-BI [68], suggesting
the observed reduction in infection for HCV/apoE3 was dependent on interactions with
LDL-R or SR-BI. Despite this and another report of correlation between the dependence on
LDL-R for entry and apoE-containing particles [69], the role of LDL-R in apoE-mediated
HCYV entry is controversial [70].
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Sorting out the pieces: HCV entry factors

All viruses depend on host cell receptors for entry to target cells. A large number of cellular
factors have been identified to be involved in HCV entry. An general outline of the discrete
steps of the entry process and the protein involved in these step have been illustrated
(Figure 1). In this section, we will discuss how each of these proteins was identified and
what roles that they play in the entry process.

Entry factors identified via binding to HCV glycoproteins

A common approach to discover viral entry receptors is to find host cell-surface proteins
that directly interact with the viral glycoproteins. For HCV, several entry factors were
identified using this approach. CD81, a critical HCV receptor, was identified as a cell
surface protein that binds to a soluble peptide of HCV E2 in a cell-based screen [71]. The
interaction was later confirmed using HIV/HCV pseudoparticles (HCVpp) expressing the
HCV glycoproteins [72-74] . Blocking CD81 function in vitro with CD81 antibodies,
soluble CD81, or siRNA all inhibited HCV entry [44,73,75-80]. The importance of CD81
function in HCV life cycle was further highlighted by the ability of an CD81 monoclonal
antibody to suppress HCV infection in vivo [81,82]. CD81 contains two extracellular loops
termed the small extracellular loop (SEL) and the large extracellular loop (LEL) [83]. The
LEL is noted for containing a CCG motif which allows the formation of disulfide bridges
found to be critical for interaction with E2 [71,74,84-86]. The interaction of CD81 and HCV
E2 is an essential early step during HCV entry and likely required for the translocation of
the virion/receptor complex to the TJs.

Another indispensable HCV receptor is SR-BI. It was also identified based on its interaction
with E2. HepG2 cells were incubated with a tagged soluble E2 and the interacting receptors
were purified by co-immunoprecipitation after crosslinking. The major E2-binding protein
was identified to be SR-BI. The interaction site was further mapped to the hyper variable
region 1 (HRV1) of HCV E2 [87]. The importance of SR-BI in HCV entry has been
confirmed by numerous in vitro and in vivo studies [80,87-93]. SR-BI may also facilitate
additional aspects of HCV attachment independent of glycoprotein binding [93].

Additional E2-binding proteins have been implicated in HCV infection. These include DC-
SIGN, DC-SIGNR [94] , which may deliver HCV particles in the bloodstream from the
sinusoids to hepatocytes [95]. And the HSPGs have been suggested to directly interact with
HCV E2 [96,97], in addition to the well-established HSPG-apolipoprotein interactions
[36,61,62,98]. Several E1-binding proteins have also been reported [99-101], but the role of
E1 in receptor-binding is not understood.

Entry factors identified through cDNA functional complementation

Another important approach for receptor discovery is cDNA screening for genes that can
confer permissiveness for viral entry onto nonpermissive cells. The identification of a TJ
protein, CLDN1, as a HCV entry cofactor, was accomplished with such a cDNA
complementation assay, using nonpermissive cells expressing CD81 and SR-BI and cDNA
library constructed from permissive cells [102]. CLDNL1 interacts with CD81 and acts during
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a postbinding step, likely at the hepatocyte TJ, where the virions migrate to before
internalization [103-105]. PKA signaling is important for this interaction, as inhibition of
PKA signaling results in disruption of CD81-CLDNL1 interactions and altered localization of
CLDNL1 [106]. A recent study suggest that E1/E2 dimer may also interact with CLDN1
[107]. Related molecules CLDN6 and CLDNS have also been suggested to act as HCV entry
receptors [108-110], but while CLDN1 supports infection of a broad range of HCV isolates
in Huh6 cells, CLDNG6 only supports infection by a limited number of isolates [110].
Additionally, work by Fofana et al. demonstrated that the expression of CLDN6 and
CLDNQ9 were very low in primary human hepatocytes (PHHs) and that CLDN6- and
CLDNO9-specific antibodies fail to restrict HCVpp entry into these primary cells [111].

Another TJ protein, OCLN, was identified as an HCV entry cofactor by two independent
approaches, siRNA knockdown testing [112] and cDNA complementation [80]. The mouse
NIH3T3 cells engineered to express the other three human receptors, CD81, SR-BI and
CLDN1 were used as nonpermissive cells in the expression cloning this time [80]. These
four molecules together constitute the full complement of human proteins that can enable
HCV entry into mouse cells. As a result, their discovery enabled the establishment of
immunocompetent mouse models of HCV entry and infection [82,113].

Entry factors identified through siRNA library screens

Screening of siRNA libraries, either genomewide [114] or targeted at a specific subset of
genes [115,116], has been successfully applied toward the discovery of cellular cofactors of
HCV entry. EGFR and EphA2 were both found to be important for HCV entry through a
human kinome siRNA screen [115]. EGFR was shown to promote the CD81-CLDN1
interaction and EGFR was internalized in an CD81-dependent manner upon infection [117].
This effect is likely mediated by a membrane-bound GTPase, HRas, which is involved in the
EGFR signaling pathway. HRas signaling was required for CD81 lateral membrane
diffusion, which is important for CD81-CLDNL1 interaction and migration of the virion to
the TJs [118]. Furthermore, a genome-wide siRNA library screen led to the identification of
several additional host proteins that play a role in HCV entry. These include E-cadherin
(CDHL1), the Rho GTPase RAC1, a choline kinase (CHKA), the SMAD family member
SMADSG and a subunit of NADPH oxidase (CYBA) [114].

Other approaches

Based on the observation that cholesterol plays a critical role in HCV entry [91,119], Sainz
et al. scrutinized the role of the cholesterol receptor NPC1L1 as a potential HCV entry
factor [120]. NPC1L1 is an integral membrane molecule found on the apical membrane of
hepatocytes. Its localization in the bile canaliculus facilitates the uptake of cholesterol into
the surrounding hepatocytes via clathrin-mediated endocytosis [121]. Knockdown of
NPC1L1 inhibited HCV infection, and blocking NPC1L1 with the inhibitor ezetimibe
suppressed pangenotypic HCV infections in vitro [120] . The mechanism by which NPC1L1
mediates entry is still unknown, but as HCV particles enter predominantly through the
basolateral membrane, it is possible that NPC1L1 is acting at a step postinternalization, such
as the removal of cholesterol from the incoming virions as HCV virions are enriched in
cholesterol content [119,122]. The infectivity of HCV particles appears to be highly
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sensitive to modulations of virion-associated cholesterol levels. On one hand, depletion of
cholesterol from HCVcc virions with methyl-B-cyclodextrin inhibited virion internalization,
a defect that could be rescued by supplying exogenous cholesterol [119]. On the other hand,
when HCVpp containing different levels of cholesterol were tested for sensitivity to a
NPC1L1 inhibitor, only the HCVpp particles with higher cholesterol content were shown to
be dependent on NPC1L1 [120], suggesting a role of NPC1L1 in modulating cholesterol
level during entry. Interestingly, the related protein NPC1 has previously been identified as
an entry factor for ebola virus [123,124].

Analysis of differential gene expression between permissive and nonpermissive cells can
provide insight into host determinants of infection. Utilizing an embryonic stem cell
differentiation protocol to generate differentiated human hepatocyte-like cells, Wu et al.
identified a discrete transition to HCV permissiveness during hepatic differentiation [125],
which enabled gene profiling that revealed a liver-enriched protein important for HCV entry.
Both knockdown with siRNA and knockout with TAL effector nuclease (TALEN) of this
protein, CIDEB, inhibited entry of HCV, but not that of West Nile virus or vesicular
stomatitis virus [126].

Screening of kinase inhibitors led to the observation that the MKNK1 plays a role in HCV
infection. MKNKZ1 siRNA reduced HCV entry without affecting viral expression and RNA
replication [127]. Other molecules that play a putative role in HCV attachment and entry
include glycoaminoglycans (GAGSs) [97], LDL-R [128] and the iron receptor TfR1 [129].

Keeping the pieces in place: role of the tight junction in entry

Following the CD81-E2 engagement, the HCV virion laterally diffuses to the TJ. As
previously discussed, CLDN1 and OCLN, two integral TJ proteins, are essential for HCV
entry; however, how the TJ architecture itself impacts virion internalization remains an area
with many open questions.

Tight junctions define hepatocyte architecture

Many types of epithelial cells harbor various junctions which regulate tissue architecture and
prevent the lateral diffusion of surface proteins between the basal and apical membranes,
facilitating compartmentalization of the extracellular environment. Hepatocyte TJs separate
blood and bile interaction as adjacent apical domains encase the bile canaliculi while the
basolateral domains interact with the blood-containing sinusoids [130].

The claudin family of integral-membrane proteins maintains much of the integrity of the
hepatocyte TJ. The claudin proteins on adjacent cells interact with each other via their
extracellular loops to form the barrier [131]. Additionally, occludin, tricellulin and members
of the immunoglobulin super family, such as JAM-A, JAM4, CAR and ESAM, make up the
extracellular junction.

How important is tight junction architecture to HCV entry?

Although several TJ proteins have been identified as HCV entry receptors and HCV
infection is capable of disrupting TJ in polarized cells [132-134], the role of the TJ
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architecture itself in HCV infection is less clear. For example, CLDN1 can to a lesser extent
localize to the basolateral membrane in polarized cells [131], thus in theory can mediate
infection independent of its role in TJ maintenance. The commonly-used Huh7.5 cells are
not polarized [135] and it has been suggested that polarization may affect lipoprotein
profiles. For example, a correlations between lipoprotein production and cell polarity in
Caco-2 cells have been reported [136,137]. Consequently Huh7.5 cells may not recapitulate
the TJ architecture of hepatocytes in vivo and may additionally produce altered lipid
profiles. Indeed, LVP produced in nonpolarized cells have been shown to lack many of the
associated lipoproteins seen in patient-derived virions [11,26,35-38,50,52]. All these could
have contributed to the conflicting data surrounding the role of LDL-R in HCV uptake and
the differences observed in entry efficiency between HCVcc and HCVpp [138-141].

The HepG2 cell line exhibits polarization [142] similar to cells surrounding bile canaliculi
and have been modified with exogenous expression of miR-122 and CD81 to increase
permissiveness to HCV infection [143]. Other laboratories have attempted to culture Huh7-
based cells in alternative systems in order to simulate 3D cell contacts [144,145].

PHHs isolated from patient biopsies have been used to study HCV infection in vitro
[53,146-152]. However, these cells suffer from limited accessibility, variability between
batches, a finite culture time and low levels of infection with the standard HCVcc strains.
Recently, several groups have reported differentiated human hepatocyte-like cells in vitro
that are permissive for HCVcc infection [125,153,154]. These stem cell-derived cells are a
renewable alternative to PHHs, however, the differentiation protocols are complex and the
hepatocyte-like cells may not truly represent mature hepatocytes. As both cellular
polarization and lipidation of virions likely contribute to the entry mechanism, additional in
vitro models that combine sufficient hepatic features and three-dimensional engineering may
be needed to fully understand the role of TJs in HCV entry.

Fitting the pieces together: the mechanism of HCV fusion

HCV entry culminates with the fusion of viral and host endosomal membranes in order to
release the virion into the cytoplasm of the target cell. In contrast to many other positive
strand RNA viruses, HCV fusion and uncoating steps are much less understood. One of the
biggest challenges is the identification of the fusion protein and elucidation of the membrane
fusion process that releases HCV capsid from the endosomes.

Alpha- & flavivirus fusion

HCV and related viruses predominantly enter target cells through clathrin-dependent
endocytosis [75,155-157]. Once inside the endosomes, fusion between the viral membrane
and the endosomal membrane is required to release the RNA-containing capsid. The fusion
process is facilitated by the integral glycoproteins embedded in the virion membrane. The
fusion proteins can be divided into three main classes based on their structures and the
fusion mechanisms [158]. The alpha- and flavivirus fusion proteins both fall under class Il,
and there has been speculation as to whether HCV glycoproteins also fall into this class
[158-160].
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Much of the alpha- and flavivirus fusion mechanisms have been elucidated. Several crystal
structures exist for flavivirus fusion protein E [161-164], and for the E1 glycoprotein of
alphaviruses, which is also the fusion protein [165-168]. While the sequences of the fusion
proteins vary signif icantly between these viruses, the 3D structural features are very similar.
In addition to the fusion protein E1, alphaviruses encode another glycoprotein E2 which acts
as the companion molecule that shields the fusion peptide of E1 from exposure prior to low
pH-activated fusion. Flaviviruses also encode two glycoproteins, the E protein and the
prM/M protein (companion protein). The prM protein undergoes a cleavage event by the
furin protease in the trans-Golgi network during virion maturation to produce infectious
particles. The mature M protein then remains in association with the E protein until
activation of fusion [158].

New insights from a pestivirus

Pestiviruses also enter cells via glycoprotein-mediated membrane fusion. The pestivirus
membrane is decorated with its own E1 and E2 glycoproteins [157]. The crystal structure of
BVDV-1 E2 [169,170] revealed that the protein did not contain a class Il fusion fold as
originally predicted by computational analysis of sequence similarities [159], and that at low
pH the structure was disordered [169,170]. The overall fold observed from crystal structure
of BVDV-1 E2 does not show the three domain structure typical of alphaor flavivirus class
Il fusion folds. Instead, BVDV-1 E2 adopts an extended conformation of four linearly
organized domains and presumably represents a novel class of fusion proteins [169]. In
addition, there is another glycoprotein loosely bound to the membrane of the BVDV-1
virion. This heavily glycosylated protein is tethered to the virion by an amphipathic helix
and can also be found in a secreted form. It has been shown to possess RNase activity,
which may function to suppress viral RNA-induced type | interferon synthesis [171-173].

The elusive HCV fusion protein

In contrast to the alpha- and flaviviruses, the identity of the HCV fusion protein is unknown.
Both of the HCV glycoproteins have been proposed to harbor putative fusion peptides
[159,169,174-177], and initial HCVpp studies suggested exposure of new domains of E2 at
low pH, leading to the prediction of E2 as a class Il fusion protein [178], although it was
already noted that the organization of the HCV E1 and E2 heterodimer differs significantly
from those of the dimer and homotrimer formation of the dengue virus E protein. Because
pestivirus fusion protein also acts differently from class Il fusion proteins, an analogy was
also drawn between bovine viral diarrhea virus 1 (BVDV-1) E2 and HCV E2 [157,159,169].
However, the recently solved crystal structure of the HCV E2 core ectodomain [16,17]
suggests that these early predictions are not correct. Unlike the extended conformations of
either flavivirus E protein or the BVDV-1 E2 protein, the HCV E2 ectodomain is compact
and globular, with no significant change induced by lower pH [16,17]. These results indicate
that either HCV E2 acts through a novel mechanism, or HCV EL1 plays a greater role in
inducing membrane fusion than previously thought. Both E1 and E2 are much smaller in
comparison to known class Il fusion proteins and the compact nature of E2 structure brings
into question how the protein would be capable of spanning the full membrane. A partial
crystal structure of HCV E1 amino acids 1-79 is now available [18] and shows no evidence
of a fusion fold, but that may be because the structure only covers part of the putative fusion
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peptide [18,169,174]. A complete crystal structure of HCV E1 will shed light on its role in
the fusion mechanism, and ultimately a structure of the E1/E2 heterodimer may be necessary
to fully understand the interplay of these two proteins in inducing membrane fusion.

Conclusion & future perspective

The HCV field has made great strides in understanding the receptors facilitating the initial
attachment and entry. Nevertheless, much research is still needed before understanding of
the entry mechanism can be used to help guide vaccine design. The most imperative is
determining the full crystal structures of the E1 and E2 glycoproteins, both pre- and post-
fusion. The latest breakthrough on the structure of E2 ecto-domain has brought up as many
questions as it answers by suggesting that HCV fusion occurs through a mechanism that is
distinct from those of either flavivirus or pestivirus [16,17]. Progress in this regard likely
requires overcoming the effect of heavy glycosylation of the E1 and E2 proteins on
crystallization and modeling experiments. In addition, the structure of the LV/P itself
presents another challenge as the complex interactions of the lipoproteins have hindered
efforts to determine glycoprotein structure displayed on virions using cryo-EM techniques
[11,35,56].

A significant question about the nature of the LVP is the influence of lipid and lipoprotein
association on the enhancement of HCV entry. Indeed, several HCV-binding and entry
receptors, such as GAGs, SR-BI and possibly LDL-R, are normally involved in the uptake
of lipoproteins. For example, these entry factors have been implicated in enhancing HCV
infection following consumption of a fatty meal through rapid reuptake of newly produced
LVP [26]. Additionally, the point in entry where the virion-associated lipids and lipoproteins
are removed remains to be determined. These questions emphasize the importance of using
viral particles produced in physiologically relevant systems for studying HCV entry. Such a
system will need to simultaneously maintain cell polarity and produce virions more closely
mimicking the lipoprotein content of those found in vivo. In conclusion, while new pieces of
the HCV-entry puzzle are beginning to fall into place, there are still many questions
remaining about the nature of HCV particles and how the combinations of viral and host
proteins at the cell surface contribute to viral entry. With a clearer picture in mind, further
work can focus on understanding the fusion and uncoating mechanism to finally piece
together the HCV-entry puzzle.
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EXECUTIVE SUMMARY
HCV entry is mediated by many host factors

»  These host factors and key receptors have been identified through multiple
approaches:

- Use of HCV glycoprotein binding assays, cONA complementation assays,
SiRNA library screening and differential gene profiling have all proven
successful in identifying HCV entry-related host factors;

- CD81, SR-BI, CLDN and OCLN constitute the full complement of human
proteins that can enable HCV entry into mouse cells.

The HCV fusion mechanism is unknown

e The identity of the HCV fusion protein has not been determined, and the crystal
structure of E2 ectodomain does not support predictions for a class Il fusion
peptide, such as those observed in alpha- and flavivirus fusion proteins.

The nature of the lipoviralparticle influences HCV entry
e HCV particles associate with VLDL and various apolipoproteins in vivo:

- The association of HCV particles and VVLDLs leads to the formation of the
lipoviralparticles (LVP) which are believed to be the functional units of HCV
infection;

- Isolated LVP has been found in association with various apolipoproteins,
such as apoE, apoB-100 or apoB-48, apoA-1 and apoC-1.

»  These associations contribute to HCV’s low buoyant density relative to other
RNA viruses. HCV particles are diverse in shape and size, with lower buoyant
density corresponding to higher specific infectivity.

Tight junction architecture needs to be considered when studying HCV entry

e The critical HCV entry receptors, CLDN1 and OCLN, are both tight junction
proteins:

- The incoming HCV virion migrates to the TJ after initial attachment and
binding to the receptor CD81 on the basolateral membrane.

e The most common HCV cell culture systems lack typical hepatocyte
polarization, and future studies need to consider additional models for
understanding the role of liver architecture in HCV entry.

Future Virol. Author manuscript; available in PMC 2015 November 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ogden and Tang

@ HCV virion attachment and binding

* What is the structure of the LVP? =R
* What are the structures of the glycoproteins?
— ( ViDL
D — -/
yS J i
/ S ' HCV virion migration to TJ
§ 7 * At what stage during entry does the VLDL dissociate
% ) /3 1y ‘ from the virion?
7% > N . *Which entry factors mediate this lipid transfer?
> ? /\\ Apolipoproteins
I o, [2 }j A
o U ! L ‘-‘ /
Hspa” LoL IW ‘
LDLR CD81 SRBI porp e IS
MKNK1
. ? ‘f//f?/\) ) (== A©
. CLERS Ex f’ HCV endocytosis at TJ
. VRS o = How does hepatocyte TJ architecture
cLD ® _OCLN > C=i H influence HCV entry?
HCYV fusion at early endosome ) > < * Do current cell culture models
* Which HCV glycoprotein is the Ccmm—— _ac:yrale!y replicate hepatocyte TJ
fusion protein? C=D \invitro?
* What is the fusion mechanism c=
of HCV? NPC1L1 e
* DO host proteins contribute to %’ LN\
viral fusion? =
BC
[s——1
-

Figure 1. Unresolved questions at various stages of HCV entry

BC: Bile canaliculus; cLD: Cytoplasmic lipid droplet; EGFR: EGF receptor; HSPG:

Heparan sulfate proteoglycans; LDL-R: Low-density lipoprotein receptor; LVP:
Lipoviralparticle; TJ: Tight junction; VLDL: Very low-density lipoprotein.
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